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Physiological Changes and Differential Gene Expression
of Tea Plants (Camellia sinensis (L.) Kuntze var.
niaowangensis Q.H. Chen) Under Cold Stress
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Low temperature is an important factor that affects the growth and reproduction of tea plants [Camellia sinensis
(L.) Kuntze]. In this study, Yunwu Tribute Tea cutting seedlings [Camellia sinensis (L.) Kuntze var. niao-
wangensis Q.H. Chen] were subjected to different low-temperature treatments in Guizhou Province, China, and
the changes in physiological indicators of the leaves were measured to investigate the physiological response
and cold tolerance of this variety. Under cold stress, the peak of antioxidant enzyme activity appeared on the
third day of treatment at 1°C, indicating that Yunwu Tribute Tea could improve the resistance to cold stress
through an increase in enzyme activity within a low-temperature range. However, after 3 days treatment at 1°C,
the tolerance of plant had been exceeded; the ability to resist cold stress disappeared, and enzyme activity
decreased. When the temperature or duration of stress exceeded the maximum tolerance of the plant, the
synthesis of soluble substances decreased in concert with their protective effects. Under cold conditions, Yunwu
Tribute Tea could increase the production of abscisic acid growth inhibitors and reduce those of indoleacetic
acid, gibberellin, and other growth promoting substances to manage cold stress by regulating the balance of
growth regulators in the plant. Five differential genes were screened as candidate genes from the Yunwu Tribute
Tea cold stress transcriptome (DW, 1°C) for fluorescence quantitative analysis. The results showed that the
changes in levels of expression of these genes under continuous cold stress significantly positively correlated
with the corresponding physiological indicators. Nevertheless, the levels of expression of the Yunwu Tribute
Tea polyphenol oxidase (PPO) gene and the gibberellin 3B-dioxygenase gene (G302) were reversely inhibited
under cold stress. The result was consistent with the corresponding physiological indicators, and it provides a
basis for the study of cold resistance mechanisms in tea plants.

Keywords: Camellia sinensis (L.) Kuntze var. niaowangensis Q.H. Chen, cold stress, physiological response,
gene expression

Introduction

T EA TREE (CAMELLIA sinensis) is an important cash crop,
which is native to the tropics and subtropics, that pre-
fers warm and wet conditions. Low temperature is an im-
portant factor that affects the growth and reproduction of tea
plants. Extreme low temperature in the winter and frost in
the early or late spring often cause damage to tea plants and
restrict the development of tea industry (Zou et al., 2008;

Zhu et al., 2013). The damage might result in curliness,
brown, burn on young shoot and a reduction in production,
or even fall of branch leaves, decline of growing, or death of
plant at worst. The low-temperature freezing injury has
become one of the main limiting climatic factors for tea
production, causing huge economic losses to tea growers
every year. For example, in 2008, a large range of contin-
uous low temperature, rain, snow, and freezing weather
occurred in the middle and lower reaches of the Yangtze
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River and its south regions as well as the eastern part of
southwest China, resulting in a production reduction of more
than 15% in spring tea production, which is estimated to
cause an economic loss of 10.5 billion yuan to the tea in-
dustry (Wu, 2008).

Owing to the instability of global temperatures in recent
years, it is critical to prevent low temperatures that can
damage to the growth of tea trees. Efforts to improve the
cold resistance of tea have been increasing in intensity. The
cold resistance of tea plant has potential genetic character-
istics, and cold acclimation can induce the expression of this
potential and exert maximal resistance to cold resistance.
During the process of cold acclimation, changes occur not
only to the physiological and biochemical processes of tea
plants but also to many specific proteins and mRNAs that
are induced by low temperatures.

A series of physiological and biochemical changes that
occur in cold acclimation are the result of molecular regu-
lation, which relies on a large number of signal transduction
and regulatory pathways to readjust the expression of genes
to change the metabolism and growth of the plant to adapt to
cold stress (Chinnusamy et al., 2004). Currently, studies on
plant cold-resistance physiology primarily focus on mem-
brane permeability, protective enzyme systems, and changes
in the content of permeable substances (He et al., 2008;
Shen et al., 2009; Yu et al., 2010). The main function of the
protective enzyme system is to prevent membrane perox-
idation and reduce or prevent the damage of biological
membrane under stress by removing H,O, (Zhang et al.,
2013). Excellent osmotic adjustment substances not only
have the biological effect of enhancing the resistance of tea
plants to freezing damage but can also sensitively respond to
low-temperature changes from late autumn to severe winter
to early and late spring, which has a biostatistical correlation.
When plants are subjected to stresses such as low tempera-
ture, the endogenous hormones of plants (e.g., abscisic acid
[ABA] and gibberellic acid [GA]) are considered to be the
initiators of plant expression of cold resistance genes (Weyers
and Paterson, 2002) and play an important role in enhancing
the resistance of plant to cold temperatures.

The fine varieties of Yunwu Tribute Tea (C. sinensis (L.)
Kuntze var. niaowangensis Q.H. Chen) are distributed in the
Yunwu Mountain, Guizhou Province, China. Currently,
most research on Yunwu Tribute Tea has focused on its
biological characteristics (Liu et al, 2012), propagation
technology (Wang et al., 2013), and the quality of tea pro-
duced from it (Wang et al., 2011). The interaction of os-
molytes, antioxidases, and phytohormones in tea plants
under low temperatures is not well understood. There are
few reports on the physiological response mechanisms of
this cultivar to low temperatures. The study of cold resis-
tance of Yunwu Tribute Tea for the utilization of its
germplasm resources, introduction of cold resistance
breeding, and improvement of technology to improve its
resistance to cold temperatures are of substantial theoretical
and practical significance.

Although some physiological, biochemical, and genetic
markers of cold tolerance have been proposed in some tea
plant genotypes (Hao et al., 2018), many mechanisms re-
main unclear, since resistance to cold is related to structural,
biochemical, and genetic regulation. Studies have shown
that plants can actively accumulate a number of amino ac-

907

ids, sugars, and inorganic ions that play an important role in
the stress response (Hildebrandt et al., 2015). The identifi-
cation of such metabolites and their functions is important to
fully understand the mechanism of resistance to frost in tea
plants (Li et al., 2019).

In this study, 1-year-old Yunwu Tribute Tea plant cutting
seedlings were subjected to cold stress and measured the
various physiological indicators of leaves. This enabled the
study of mechanism of Yunwu Tribute Tea to resist low-
temperature stress from a physiological perspective. On this
basis, the patterns of expression of five cold resistance-
related genes of this variety of tea were analyzed under cold
stress, and the correlation between cold resistance genes and
the response of physiological indicators was analyzed. The
results of physiological, biochemical, and gene expression
studies were combined to analyze the molecular mechanism
of cold resistance of Yunwu Tribute Tea.

Materials and Methods

Plant material, growth, and stress conditions

The test material was 1-year-old cutting seedlings of
Yunwu Tribute Tea, taken from the nursery of the Tea In-
dustry Office of the Agricultural Bureau of Yunwu Town,
Guiding County, Guizhou Province, China. The experiment
was conducted at the China Guizhou Province Institute of
Biology in Guiyang, China, from July to August 2016. The
plants were subjected to normal management techniques in a
solar greenhouse under natural light. When the plants had
grown 70-80 cm high, those in good health that had grown
consistently were selected for the experimental treatment.

The seedlings were divided into four groups, each with
six pots, and transferred to a light incubator on the first day
of experiment. The temperature of light incubator was set to
10°C, 4°C and 1°C. The control temperature was 25°C, the
light intensity was 10,000 lux, relative humidity 50%, and
the photoperiod 16h/8h day/night. Functional leaves were
selected for the measurement of physiological indicators at
1, 3, 5,7, and 9 days of the stress treatment.

Physiological measurements

The permeability of cell plasma membrane was deter-
mined using the conductivity method (Kong and Yi, 2008).
Superoxide dismutase (SOD) activity was measured by the
inhibition of photoreduction of nitroblue tetrazolium (Li,
2000). Peroxidase (POD) activity was measured using the
guaiacol method (Li, 2000). Catalase (CAT) activity was
measured using the ultraviolet absorption method (Kong and
Yi, 2008). Polyphenol oxidase (PPO) activity was deter-
mined using the catechol method (Li, 2000). The content of
malondialdehyde (MDA) was determined by the thiobarbi-
turic acid colorimetric method (Kong and Yi, 2008), soluble
protein (SP) by the Coomassie Brilliant Blue G-250 method,
free proline by the acid ninhydrin method, and soluble sugar
by anthrone colorimetry (Li, 2000). The contents of en-
dogenous hormones ABA, indoleacetic acid (IAA), and
gibberellin were determined by the use of enzyme-linked
immunosorbent assay (ELISA) kits that were purchased
from the State Key Laboratory of Plant Physiology and
Biochemistry, China Agricultural University, Beijing,
China.
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RNA extraction and quantitative real-time polymerase
chain reaction

The total RNA was extracted from cell samples by the ad-
dition of 1000 pL of TRIzol (Invitrogen, Carlsbad, CA) to the
cell samples. The samples were fully mixed and incubated at
room temperature for 30 min. A volume of 200 uL of chloro-
form was added, fully vortexed, and incubated at room tem-
perature for 10 min. The samples were centrifuged at 12,000 g
for 15min at 2-8°C. After centrifugation, 400 uL of the su-
pernatant was transferred to a fresh clean 1.5mL tube, and
500 pL of isopropanol was added. The tube was inverted several
times and incubated at 4°C overnight. The samples were
centrifuged at 12,000 g for 10 min at 2-8°C, and the supernatant
was discarded. A volume of 1000 pL of 75% ethanol was added
and centrifuged at 7500 g for 5 min at 4°C. The ethanol was
discarded, and 30 pL. of ddH,O was added to dissolve the RNA
after all of the ethanol had volatilized. The RNA was incubated
on ice for 15-20 min and then quantified using a NanoDrop 100
(Thermo Scientific, Waltham, MA). The first strand of cDNA
was synthesized according to the manufacturer’s instructions in
the TRUEscript 1st Strand cDNA Synthesis Kit.

The reactions for the quantitative real-time polymerase
chain reaction were as follows: 95°C 3 min; 95°C 10s; 58°C
30s +plate read; and 39 cycles of 95°C 10s. After all of the
components were added, the tubes were centrifuged at
6000 rpm for 1 min to keep all of the components in the bottom.

The primers (Table 1) were designed by Beacon Designer
7.9 (Premier Biosoft International, Diamond Heights Blvd,
San Francisco) and synthesized by Chengdu Danfeng
Technology Co., Ltd. (Chengdu, China). The amplification
curve and melting peaks of each gene primers for gPCR
analysis are shown in Supplementary Figures S1-S6.

To understand the role of changes in the expression of
candidate genes in the cold resistance of tea plant and the
correlation with the corresponding physiological indicators
described above, based on the previous cold stress tran-
scriptome data, the levels of expression of five candidate
differential genes (GPX, PPO, P5C5, G302, and NCED) of
Yunwu Tribute Tea under cold stress were analyzed by real-
time fluorescent quantitative PCR. The Pearson correlation
between the physiological indicators and expression of
corresponding genes was then analyzed. The calculation of
the relative expression of target genes in each sample was
performed automatically using the qPCRsoft 3.2s and Pfaffl
methods simultaneously:
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(1 + Etargel)AC[large!(mmm]—exp()

Ratio =
( 1 + Ereference )ACtret’erence(control—expl)

The relative gene expression of each sample was calculated
using 27AACt with ACTIN as the internal reference.

Statistical analysis

A one-way analysis of variance (ANOVA) followed by a
post hoc Fisher’s Least Significant Difference test was used to
examine the significant differences between measurements at
different stages. A Pearson correlation was used to analyze
the correlation between physiological indicators, and the
differences were considered to be significant at p<0.05.
Differences between samples in each treatment are indicated
by letters (p<0.05), while values with same letter did not
differ from each other. The experimental data were analyzed
for variance using SPSS 22.0 (IBM, Inc., Armonk, NY).

Results
Cytoplasmic membrane permeability

With the decrease in temperature and the extension of treat-
ment time, the relative conductivity (RC) of Yunwu Tribute Tea
leaves tended to increase (Fig. 1), indicating that with the de-
crease in temperature and extension of treatment time, the
damage to cell membrane of the tea leaves was intensified, and
the membrane permeability gradually increased. However, at the
initial stage of the stress treatment, the RC of each treatment
increased relatively slowly. When the stress treatment was 5
days, the 10°C, 4°C, and 1°C treatments increased by 28.2%,
39.1%, and 57.4%, respectively, compared with the control.
After 5 days of treatment, the RC of 10°C, 4°C, and 1°C treat-
ments increased sharply, respectively, and at 7 days of stress
treatment, it increased by 26.2%, 69.4%, and 187.5%, respec-
tively, compared with the control. At the early stage of stress, the
tea developed a self-protective function against adversity, and
the changes in leaf RC were small. However, the later stages of
stress exceeded the ability of the plant to resist them, resulting in
a significant increase in the rate of electrolyte leakage, which
could lead to the injury of tea by low temperature. During the
whole stress process, the RC of the leaves treated at 1°C was
significantly different from that at 10°C (p <0.05).

TABLE 1. FORWARD AND REVERSE PRIMERS USED FOR QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTIONS

Primer Accession number 5t3 Length (bp)
GPX-F JQ247186.1 F:CTGAGTGGAGAAGTAGTG 3314
GPX-R R:GTGATGGAATTAAGTGGAAT

PPO-F FJ597757.1 F:CACAACCAACCTTCCCAACAAA 2122
PPO-R R:TGCTTCTTGATTTCTTCGGTCTCT

P5CS-F KR363007.1 F:ATTGTTGATGATGTGTATGC 3454
P5CS-R R:GGTCTTCTGTGATAATGCTA

NCED-F XM_012981017.1 F:GTAAGTCTCTGCTGTAAC 2510
NCED-R R:CTGTCTCAATTCACTCTC

G302-F KF703744.1 F:CCTATGTTGACCACGAGAG 1340
G302-R R:CGACCCTACTCACCATTC

G302, gibberellin 3B-dioxygenase; GPX, glutathione peroxidase; NCED, 9-cis-epoxycarotenoid dioxygenase; P5CS, Al-pyrroline-5-

carboxylate synthetase; PPO, polyphenol oxidase.
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Lipid peroxidation

MDA is a major cytotoxic product of lipid peroxidation,
and changes to its abundance represent the degree of lipid-
membrane oxidation by oxidants such as free radicals
(Ozkur et al., 2009).

Under cold stress, the MDA content of tea leaves in-
creased (Fig. 2). The content of MDA increased in parallel
with the temperature, which indicated that low temperatures
caused an increase in the lipid peroxidation of cell mem-
brane of the plant. The degree of increased membrane lipid
peroxidation was directly proportional to the degree of cold
stress. The MDA content of the control and 10°C treatments
increased slightly with time, but the change was not obvi-
ous. The MDA content of both treatments at 4°C and 1°C
continued to increase with the extension of duration of
stress, indicating that the plants were unable to moderate the
stress using their own physiological regulation. This low
temperature damaged the leaf cell membrane, causing

||:| 1°C @4°C @ 10°C W25°C

MDA content(mmol.g-1.FW)

Stress days
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FIG. 1. Effects of durative
cold stress on relative con-
ductivity. Data are displayed
as mean values of the three
replicates with standard
error. The different letters
indicate significant differ-
ence at 0.05 level among
different samples.

membrane lipid peroxidation. An ANOVA showed that the
MDA content of leaves treated at 1°C was significantly
different from those treated at 10°C (p<0.01).

Phytohormone response

Under adverse conditions, the content of ABA increases
significantly to adjust the adaptation of plant to stress (Gusta
et al., 2005). In this study, the ABA content of plant in-
creased as the temperature decreased (Fig. 3), indicating that
the endogenous ABA content increased after cold stress,
serving as a protective response against low temperatures.
With the prolongation of duration of stress, the ABA content
of the plant increased and then decreased under different
low-temperature treatments, with the highest content at 3, 5,
and 3 days at 1°C, 4°C, and 10°C, respectively. It increased
by 165.3%, 78.6%, and 16.8%, respectively, compared with
the control. There were extremely significant differences

FIG. 2. Effects of durative
cold stress on the content of
MDA. Data are displayed as
mean values of the three
replicates with standard
error. The different letters
indicate significant differ-
ence at 0.05 level among
different samples. MDA,
malondialdehyde.
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among the temperature stress treatments (p<0.01). This
may be owing to the fact that the synthesis of ABA in plants
is halted after its accumulation to a particular extent, and the
cell membrane and protective enzyme system of plants have
been damaged to some extent at the late stage of stress,
resulting in a decrease.

IAA is the most common type of auxin in plants and can
promote cell division, elongation, and differentiation (Zhang
et al., 2013). As shown in Figure 4, compared with the
control, the IAA content of the plant treated with the tem-
perature of 1°C and 4°C decreased significantly (p <0.01).
Compared with the control, the IAA content at 10°C in-
creased significantly (p<0.01). Under the same stress
temperature, with the extension of stress duration, the TAA
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content mostly increased at first and then decreased. After
stress treatment at 4°C for 3 days, the IAA content de-
creased by 18% and 7.4%, respectively, compared with that
of the control. The content of IAA increased by 32.12%
compared with that of the control after stress treatment at
10°C for 3 days.

GA is commonly found in plants and is one of the most
important phytohormones for plant growth and develop-
ment. As shown in Figure 5, with the extension of stress
duration, the GA content of the plant decreased following
treatment at 1°C and 4°C. The content of GA increased and
then decreased following treatment at 10°C and 25°C.
Compared with the control, the difference in GA content
following treatment at 1°C and 4°C reached an extremely
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significant level (p<0.01). After 9 days of stress, the con-
tent of GA decreased by 42.71% and 22.29%, respectively,
compared with that of the control. The decrease in content
of GA could inhibit plant growth and increase the resistance
to cold, which indicated that the plants treated at 1 and 4°C
could adapt to low temperatures by changing the content of
GA in tissues.

IAA and GA are growth-promoting hormones and can
therefore affect cell elongation, division, and differentiation
and promote the growth and development of plants. The
content of these hormones decreased under stress, which
could reduce the growth of plant, and thus, reduce the
damage caused by stress. As the temperature decreases, the
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FIG. 5. Effects of durative
C cold stress on the content of
GA. Data are displayed as
mean values of the three
replicates with standard er-
ror. The different letters in-
dicate significant difference
at 0.05 level among different

tea plant may increase the synthesis of ABA and reduce the
synthesis of IAA and GA to reduce the damage of low
temperature, so that the plant enters or remains dormant.

Changes in soluble sugars and proline content

Compared with the control, the soluble sugar content of
each low-temperature treatment increased significantly
(Fig. 6). The ANOVA showed that the soluble sugar (SS)
content under each low-temperature treatment differed
substantially from that of the control (p<0.01). As the
stress duration was prolonged, the low-temperature treat-
ments basically increased followed by a decrease, with the

FIG. 6. Effects of durative
cold stress on the content of
soluble sugar. Data are dis-
played as mean values of the
three replicates with standard
error. The different letters
indicate significant differ-
ence at 0.05 level among
different samples.
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peak value appearing at 3 days at 10°C, 4°C, and 1°C after
the stress treatment. Compared with the control, the soluble
sugar content increased by 14.7%, 18.8% and 29.4%, re-
spectively. It indicates that, under a short duration of cold
stress, Yunwu Tribute Tea enhances its ability to resist cold
by accumulating soluble sugars. However, as the duration of
stress increases and the temperature decreases, the contin-
uous low temperature causes damage to the plant, and the
content of soluble sugar decreases.

The main role of free proline (Pro) in cold stress is con-
sidered to be as an osmotic adjuster and membrane stabilizer
in the cell. Most studies have shown that its content strongly
correlates with the resistance of plant to cold. Under toler-
able levels of stress in plants, its content increases (He et al.,
2008). Figure 7 shows that compared with the control, the
free proline content of each low-temperature treatment in-
creased significantly, and the free proline content of the two
low-temperature treatments at 4°C and 1°C differed signif-
icantly from those of the control (p<0.01). As the stress
duration was prolonged, the proline content of the treatment
at 10°C barely changed. The free proline content of the two
low-temperature treatments under 4°C and 1°C increased
first and then decreased. The peak values appeared at 7 and
5 days after the stress treatment. Compared with the control,
the content of free proline increased by 97.5% and 122.5%,
respectively. This indicated that Yunwu Tribute Tea plants
can temporarily balance the cold damage through their own
physiological regulation under lower temperature treatment
(1°C). However, as the duration of stress increased, the
physiological regulation gradually decreased.

Changes in SP

SP is an important osmoregulatory substance and nutrient.
Its increase and accumulation can improve the ability of
cells to retain water and protect vital cellular substances and
the biological membrane. Therefore, it is often used as one
of the indicators for screening resistance. In this study, the
content of SP increased with the decrease in temperature,

3 5 7 9
Stress days

indicating that the content of SP and temperature were
negatively correlated within a particular range. The increase
in protein content might be owing to the low temperature
that promotes the synthesis of some new proteins. The
analysis in Figure 8 shows that the SP content in the 1°C
treatment was significantly different from that in the 4°C
and 10°C treatments (p<0.05). The SP content in the
1°C treatment first increased and then decreased, and it
reached its highest value after 3 days of stress. It increased
by 90.9% compared with that of the control, then dropped
sharply before stabilizing, indicating that the plants cannot
withstand continuous low temperatures. The rate of deg-
radation of protein was faster than that of synthesis, and the
content of SP of other treatments also showed a trend of
increasing first and then decreasing, reaching the highest
value after 7 days of stress. Compared with the control, the
SP content increased by 10.3% and 13.7% at 10°C and
4°C, respectively.

Changes to antioxidant activity

Under different temperature gradient treatment condi-
tions, the SOD activity of the tea leaves varied with time. As
shown in Figure 9, there was no significant change in SOD
activity with time for the control, and after the 10°C treat-
ments, it showed a trend that increased slowly and then
decreased sharply with time under treatments at 4°C and
1°C. The peaks of SOD activity appeared after 5 and 3 days,
respectively. In the early stage of different stress treatments
(before 3 days), the lower the temperature the larger the
amount of SOD activity, indicating that the plants could
enhance their resistance to cold by increasing the amount of
SOD activity to remove excessive active oxygen free radi-
cals in a short period of time. With the extension of cold
stress time and the intensification of cold stress, SOD syn-
thesis was also inhibited, and its activity started to decrease.
During the entire stress process, SOD activity after treat-
ment at 1°C was significantly different from those at 4°C
and 10°C (p<0.05).
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The role of POD in plants is complicated, and it is cur-
rently believed that the main role of POD in the protective
enzyme system is to prevent membrane peroxidation by
scavenging H,0, and reducing or preventing damage to
biofilms under adverse stress (Zhang et al., 2013). As shown
in Figure 10, in the initial stage of treatments under a dif-
ferent temperature gradient, the activity of POD increased as
the temperature decreased, indicating that the plant slowed
down the rate and degree of damage through a certain de-
fensive response at the initial stage of cold stress. This re-
flects the ability of the plant to adjust and adapt to adversity.
Overall, the POD activity of the leaves treated at 1°C and
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FIG. 8. Effects of durative
cold stress on the content of
soluble protein. Data are
displayed as mean values of
the three replicates with
standard error. The different
letters indicate significant
difference at 0.05 level
among different samples.

4°C increased first and then decreased with the prolongation
of stress duration. The highest peaks appeared at 3 and 5
days after stress, which increased by 7.4 times and 5.0 times,
respectively, compared with that of the control and then
decreased sharply. After that, the POD activity was lower
than that of the control after 1°C stress treatment for 7 days.
It can be seen that continuous low temperatures will cause
an increase in active oxygen, such as superoxide free radi-
cals, in Yunwu Tribute Tea, resulting in a decrease in POD
activity. POD activity was not significantly different among
the cold stress treatments during the entire stress process
(p>0.05).

FIG. 9. Effects of durative
cold stress on SOD activity.
Data are displayed as mean
values of the three replicates
with standard error. The dif-
ferent letters indicate signifi-
cant difference at 0.05 level
among different samples.
SOD, superoxide dismutase.
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In the early stage of stress treatment (before 5 days), the
CAT activity of each low-temperature treatment was greater
than that of the control, with a pattern of increasing in
parallel with the decrease of temperature, and the values
were basically the same at 5 days. After 9 days of stress, the
CAT activity of each low-temperature treatment was re-
duced to a level smaller than that of the control (Fig. 11).
The CAT activity of leaves in each temperature treatment
showed a trend of increasing and then decreasing with the
extension of duration of stress. The highest peak in the 1°C
treatment occurred on the third day of stress, and compared
with the control, the CAT activity increased by 29.2%. The
highest peak in the 4°C treatment occurred on the seventh
day of the stress, which increased by 33.9% compared with
the control. At the later stage of each cold stress treatment,
the activity of CAT began to rapidly decline. This activity
was significantly lower than the control at 9 days, indicating

b
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that with the increase in H,O, content in the tissue of the
leaves, the ability of CAT to scavenge decreased, resulting
in an increased peroxidation in tissues and chilling damage.
The activity of CAT was not significantly different among
temperature treatments during the entire stress process
(p>0.05).

PPO is bound to the endosomal membrane and is inactive
in its natural state. However, after homogenization or loss of
tissues, PPO is activated, and thus, exhibits activity. PPO
activity basically showed a trend of increasing and then
decreasing in each temperature treatment throughout the
stress process (Fig. 12). In the early stage of treatment at
1°C, the activity of PPO decreased owing to the reduction of
photosynthesis, accumulation of organic matter, and phe-
nolics in the plant. However, in the later stage of treatment,
PPO was activated, and its content increased after the loss of
tissues owing to the prolonged cold stress. In the initial stage
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of other temperature stress treatments, to resist the low
temperature, plants themselves increased their PPO activity
through bioregulation. With the extension of stress duration,
the accumulation of phenolics began to decrease, and PPO
activity also decreased. PPO activity did not differ signifi-
cantly among the temperature treatments throughout the
stress process (p>0.05).

Correlations of different physiological indicators

As shown in Table 2, among the 12 physiological indi-
cators, the RC was negatively and highly significantly cor-
related with SOD, CAT, IAA, and GA. It had a positive
correlation with MDA, SS, Pro, and ABA, among which the
positive correlation was highly significant with MDA. There
were positive correlations among the antioxidant enzyme
indicators (SOD, POD, PPO, and CAT), among which CAT
was highly significant with SOD and POD. The antioxidant
enzymes had a positive correlation with SP, IAA and GA,
and SOD had a very significant positive correlation with
IAA and GA. The antioxidant enzymes negatively corre-
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FIG. 12. Effects of dura-
tive cold stress on PPO ac-
tivity. Data are displayed as
mean values of the three
replicates with standard er-
ror. The different letters in-
dicate significant difference
at 0.05 level among different
samples. PPO, polyphenol
oxidase.

lated with MDA, SS, Pro, and ABA. Among them, MDA
had a very significant negative correlation with SOD, CAT,
and a very significant negative correlation between PPO and
SS. SP was negatively correlated with SS and extremely
negatively correlated with Pro. IAA, ABA, and GA were all
highly significantly correlated with each other, with TAA
and GA highly significantly positively correlated and ABA
highly significantly negatively correlated with the other two.

The relationship between gene expression
and corresponding physiological indicators

Under cold stress, the levels of expression of GPX, P5CS,
and NCED were significantly upregulated in Yunwu Tribute
Tea, and the level of gene expression first increased and then
decreased with the prolongation of the stress duration. Under
cold stress, the levels of expression of PPO and gibberellin
3B-dioxygenase (G302) were significantly downregulated in
the plant, while the level of expression of PPO decreased
followed by an increase, and the levels of expression of G302
did not change significantly. The levels of expression of the

TABLE 2. CORRELATION ANALYSIS AMONG PHYSIOLOGICAL INDICATORS IN YUNWU TRIBUTE TEA

SOD POD  PPO CAT MDA SS SP Pro IAA ABA GA

RC  -0.813* -0.127 —-0.04 —0.623** 0.679%** 0.068 -0.206 0344 -0.594** 0.4 —0.621%*
SOD 0.115 0.226 0.580%* —0.634** —0.157 0.555% —0.555*%  0.628%* —0.459*  0.589%%*
POD 0.144 0469 -0.223 -0.077 0.085 -0.189 0218 —-0.383 0.292
PPO 0.19 -0.264  —-0.640%* 0.490%* —0.213 0.06 —-0.269 0.042
CAT -0.617** —0.226 0.133 -0.009 0.34 -0.017 0.367
MDA 0.268 —0.485* 0.499* —0.549*  0.480*% —0.492%
SS -0.471*% 0265 —0.073 0.529*% —0.144
SP -0.677**% 0207  -0.501*%  0.157
Pro —0.448*  0.678%*% —0.49]*
IAA —0.636%*%  0.915%%
ABA —0.645%%*

The bold represents a positive correlation, and the italic represents a negative correlation.

*p<0.05; **p<0.01.

ABA, abscisic acid; CAT, catalase; GA, gibberellin; IAA, indoleacetic acid; MDA, malondialdehyde; POD, peroxidase; Pro, proline; RC,
relative conductivity; SOD, superoxide dismutase; SP, soluble protein; SS, soluble sugars.
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five candidate genes (GPX, PPO, P5CS, G302, and NCED)
under cold stress were consistent with the changes in the
corresponding physiological indicators (Fig. 13).

At low temperatures, the levels of expression of GPX, PPO,
and G302 were significantly and positively correlated with the
activities of POD and PPO and the content of GA (p<0.01).
The level of expression of P5CS significantly and positively
correlated with the content of Pro (p <0.05). The level of ex-
pression of NCED significantly and positively correlated with
the content of ABA in the DW but not in the CK (Table 3).
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Discussion

Effects of cold stress on the activity of antioxidant
enzymes in the tea plants

As one of the most important antioxidant enzymes in
cells, SOD is the first line of intracellular defense against
reactive oxygen species (ROS), and its main function is
the disproportionation of the deleterious superoxide anion
(02_) to produce harmless O, and H,O, (Yu et al., 2010). In
this experiment, the activity of SOD increased and then
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FIG. 13. Expression of studied genes in tea plants exposed to durative cold stresses detected by qRT-PCR. CK is the
control group and DW is the cold-treated group: (CK: 25°C; DW: 1°C). Data are displayed as mean values of the three
replicates with standard error. The different letters indicate significant difference at 0.05 level among different samples.
GPX, glutathione peroxidase; P5CS, Al-pyrroline-5-carboxylate synthetase; G302, gibberellin 3B-dioxygenase; NCED, 9-
cis-epoxycarotenoid dioxygenase; qRT-PCR, quantitative real-time polymerase chain reaction.
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TABLE 3. CORRELATION COEFFICIENTS FOR THE LEVELS OF GENE EXPRESSION AND THE CORRESPONDING
PHYSIOLOGICAL INDICATORS

DW CK
POD PPO Pro GA ABA POD PPO Pro GA ABA
GPX 0.92%** 0.91**
PPO 0.93%* 0.94**
P5CS 0.73* 0.76%*
G302 0.81** 0.86%*
NCED 0.89%* —0.45

CK is the control group and DW is the cold-treated group: (CK: 25°C; DW: 1°C).

p<0.05; **p<0.01.

decreased under the low-temperature treatment of 4°C and
1°C. The highest value appeared at 3 days after 1°C treat-
ment, indicating that the plant could improve its ability to
adapt to cold stress through the increase in enzyme activity
within a particular low-temperature range, while the ability
of the plant to tolerate cold had been exceeded after 3 days
treatment at 1°C. Thus, the ability of plant to effectively
resist cold stress had dissipated.

Under different temperatures, the MDA content in-
creased. After 3-9 days of treatment at the low tempera-
ture of 1°C, the MDA content was significantly higher than
that of the other treatments, and the cell membrane was
most severely damaged. This may be owing to the fact that
the decrease in the activities of SOD, POD, CAT, and
other protective enzymes may cause the accumulation of
harmful free radicals and even exceed the damage
threshold, which may directly or indirectly initiate mem-
brane lipid peroxidation and increase the molar concen-
tration of MDA. In turn, the accumulation of MDA inhibits
the activities of SOD, POD, and CAT, further reducing the
ability of antioxidant enzymes to scavenge active oxygen,
resulting in increased damage to the membrane system
(Ye, 1994).

Studies have shown that PPO has a close relationship with
various types of stress resistance of plants. In this study, the
activity of PPO showed a trend of increasing and then de-
creasing during the entire stress process at all temperatures.
In the early stage of the stress treatment, the PPO activity
was enhanced by the biological regulation of plants to resist
the low temperatures.

Effects of cold stress on tea plant osmotic
adjustment substances

The tea plant has antifreezing physiological and bio-
chemical mechanisms. The contents of proline, SP, and
soluble sugar of fresh tea leaves all increased and then de-
creased with the decrease in temperature; however, the
temperature range of different varieties of tea plants in re-
sponse to cold stress differed (Huang et al., 2014). Some
studies have shown that the frost resistance of tea plant is
closely related to temperature, and the contents of soluble
sugar, proline, and SP of fresh tea leaves are closely related
to their ability to resist frost (Lin et al., 2015).

In this study, the contents of SP, proline, and soluble
sugar of Yunwu Tribute Tea under different temperature
treatments were basically higher than those of the control,
and only the SP was lower than the control after 3 days

treatment at 1°C. Under each temperature treatment, the
content of three indicators increased first and then decreased
with the prolongation of stress duration.

This indicated that soluble substances were related to
plant cold resistance in a particular range. When the tem-
perature or stress duration exceeded the maximum range
that the plant could tolerate, the synthesis of soluble sub-
stances decreased, and its protective effect also decreased
(Zhang et al., 2013).

Effects of cold stress on endogenous hormones
in tea plants

Plant hormones interact with each other in biological
signaling processes, including biosynthetic, metabolic,
transportation, and signal transduction pathways (Cheng
et al., 2013; Du et al., 2013; Golenberg and West, 2013;
Miransari and Smith, 2014). In recent years, ABA has been
recognized as a stress-growth regulator that plays an im-
portant role in the regulation of resistance of plants to cold
and the maintenance of structural function of cell mem-
branes. After the plants have been subjected to biotic and
abiotic stresses, the endogenous content of ABA increases,
and the expression of various resistance genes is induced,
thus, enhancing their resistance. The increase in content of
ABA has a significant effect on the improvement of plant
resistance (Cao et al., 2011; Lee and Luan, 2012; Nakamura
et al., 2013; Dangquah et al., 2014; Zeng et al., 2016).
During the same duration of stress, the content of ABA of
Yunwu Tribute Tea tended to increase as the stress tem-
perature decreased, which may be a protective response of
tea plants to low temperature. With the increase in duration
of stress, the content of ABA tends to decrease and then
increase following each treatment with low temperature.
This may be owing to the fact that ABA content of this tea
could not be continuously synthesized after accumulating to
a certain level, and the cell membrane and protective en-
zyme system of the plant had been damaged to some extent
at the end of the stress period.

Auxin was the first type of plant growth regulator dis-
covered, and IAA is a common type of auxin. It regulates
lateral root formation, vascular tissue differentiation, apical
dominance, and plant tropism (Kosova et al., 2012). With
the extension of duration of stress, most of the content of
TAA increased first and then decreased. The IAA content of
Yunwu Tribute Tea decreased under the low-temperature
treatments of 1°C and 4°C compared with that of the con-
trol. Under the low-temperature treatment of 10°C, the
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content of IAA increased compared with that of the control.
This was consistent with the response of content of TAA to
low temperatures in wheat (Kosova et al., 2012) and dove-
tree (Davidia involucrata) (Guo et al., 2013). However,
some studies have shown that the content of IAA increased
following cold stress (Ou et al., 2007), which may be related
to the difference between test materials and processing
conditions, and the influence of external environmental
conditions.

The first plant growth regulators believed to be related to
cold resistance are the gibberellins. Studies have shown that
the content of gibberellins in plants with strong cold resis-
tance is generally lower than that in plants with weak cold
resistance (Luo, 1989). The results of this study showed that
under the same stress temperature, the GA content of
Yunwu Tribute Tea decreased to differing degrees as the
stress duration increased. The 1°C and 4°C treatments were
lower than those of the control, and the 10°C treatment was
higher than that of the control. This indicates that Yunwu
Tribute Tea can adapt to the-low temperature stress by re-
ducing the content of GA and slowing down plant growth.

Response of cold resistance-related genes in the tea
plant to low temperature

Glutathione peroxidase (GPX) is an enzyme that scav-
enges ROS and is encoded by the gene network that is in-
volved in the regulation of ROS. The main role of GPX is to
participate in the elimination of matrix H,O,. Many studies
have shown that GPX is closely related to various stresses
and is a stress-inducing gene (Hu et al., 2011; Zhang et al.,
2012). PPO is related to the leaf growth and development
process, primarily to the phenolic content produced during
leaf growth and development (Yao and Jia, 1998). Genetic
engineering studies confirmed that the overexpression of
A'-pyrroline-5-carboxylate synthetase (PSCS) in transgenic
tobacco improved its resistance to penetration and cold
stresses (Konstantinova et al., 2002). A study (Wang et al.,
2018) indicated that the 9-cis-epoxycarotenoid dioxygenase
(CsNCED) gene plays an important role in the synthesis,
metabolism, and stress response of ABA in tea plants. The
overexpression of NCED] in plants, such as tobacco (Ni-
cotiana plumbaginifolia), can increase the cellular content
of ABA (Tung et al., 2008; Zhang et al., 2008; Nitsch et al.,
2009). G302 is a key enzyme for the mutual conversion of
different gibberellins. It belongs to the 2-ketoglutarate-
dependent dioxygenase gene family (20DD), which is the
key enzyme for the synthesis and regulation of gibberellins.
They are primarily responsible for catalyzing the mutual
conversion between different GAs (Hedden and Phillips,
2000).

By comparing and analyzing the levels of expression
of five cold-related genes in Yunwu Tribute Tea under
low-temperature stress, this study found that the levels of
expression of GPX, P5CS, and NCED were significantly
upregulated, while the levels of expression of PPO and
G302 were significantly downregulated.

In this study, the ABA content of Yunwu Tribute Tea
significantly positively correlated with the level of expres-
sion of NCED under cold stress. The level of expression of
NCED first increased and then decreased with the prolon-
gation of cold stress and reached a peak value on the fifth

WANG ET AL.

day of cold stress. It was 4.8 times that of the control and
then was significantly downregulated, further indicating that
the plant accumulates a low amount of ABA during the late
stage of cold stress. The trend of expression of G302 in the
plant was similar to that of the GA content, and the two were
highly significantly and positively correlated, which con-
firmed the reliability of GA test results in this study. In
addition, experiments with prolonged stress duration
showed that the peak levels of expression of NCED and
GPX were significantly earlier than that of P5CS under cold
stress, further indicating that tea plants preferentially syn-
thesize ABA and POD under cold stress. In this study, the
level of expression of P5CS significantly and positively
correlated with the content of Pro under cold stress. The
level of expression of P5CS reached a peak on the fifth day
of cold stress, which was 2.4-fold higher than that of the
control. However, the content of Pro continued to increase,
indicating that the tea plant primarily used the P5CS path-
way to synthesize Pro. After continuous low temperature,
the levels of the content of Pro and expression of P5CS
decreased, indicating that with the extension of stress du-
ration, the self-osmoregulatory effect gradually decreased.
Combined with the results of transcriptome sequencing
analysis, it further showed that tea plant primarily uses the
P5CS pathway to synthesize Pro.

Under cold stress, the patterns of expression of the GPX
and PPO genes were consistent with the trends of POD and
PPO activities, and both were highly significantly positively
correlated, indicating that these two genes play an important
role in regulating the activities of POD and PPO.

The changes of physiological indicators of Yunwu Tri-
bute Tea under different cold stress conditions, their corre-
lation, and the levels of expression of their corresponding
genes were investigated. These results will help to under-
stand the mechanism of response of Yunwu Tribute Tea to
cold stress and thus provide a theoretical basis for mining
the cold resistance genes of tea plants.
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